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ABSTRACT 
Two-dimensional and axisymmetric physical models are used to 
investigate the flow of two immiscible fluids in a porous medium. 
Particular attention is focused on interface upconing below a 
partially penetrating well. The application of deliberate upconing 
to improve recovery of the denser fluid is investigated. 
A brief summary of the concepts and equations governing the 
flow of immiscible fluids is presented. Two simple analytical 
solutions for upconing are described. 
A description of the physical models is followed by a 
presentation of test results. The observed interface upconing is 
compared to analytical predictions. A series of performance curves 
are developed which demonstrate the effectiveness of upconing in 
improving recovery of the denser fluid. A comparison of alternative 
s 
pumping schemes suggests an optimum recovery plan. 
A case history is examined where the^ improved recovery 
technique was successfully applied. 
J* 
1. INTRODUCTION 
1.1 Related Investigations 
Much of the research conducted in the area of two-fluid flow in 
a porous medium has centered around salinity intrusion (Bear, i^972), 
oil recovery (Pirson, 1958), and geothermal problems (Mercer and 
Faust, 1976). 
From a water supply standpoint, it is important to prevent 
saline water from upconing into fresh water wells in coastal 
aquifers. Extensive studies by Dagan and Bear (1968), Schmorak and 
Mercado (1969), and numerous other investigators have yielded a 
number of approximate solution techniques for predicting the 
upconing of a salt water interface below a pumping well in the 
overlying fresh water region. Salt water and fresh groundwater are 
miscible fluids. Application of these solution techniques for 
immiscible fluids is conditional. 
Oil reservoir production techniques frequently involve the 
simultaneous flow of oil and water, two immiscible fluids. When oil 
is withdrawn from a well above an oil-water interface, a phenomenon 
analogous to salt water upconing called water coning occurs. This 
phenomenon has been investigated by Muskat (1937,19^*9), and Pirson 
(1958). Simultaneous horizontal flow occurs when water is injected 
into an oil producing reservoir along its boundaries to drive the 
oil toward the production well. 
Both of these related areas involve recovery of the less dense 
fluid in a two-fluid system. To the author's knowledge, optimum 
recovery techniques for a situation where it was desirable to 
recover the denser fluid have not been reported in the literature. 
This void is perhaps due in part to a lack of applicable situations. 
However, many groundwater contamination sites are presenting unique 
hydrological conditions which require additional investigation. 
This study has demonstrated its usefulness at one site and may have 
applications to numerous other sites. 
1.2 Present Study 
This study was prompted by the limited success of a coal tar 
recovery operation at the nation's first Emergency Superfund site at 
Stroudsburg, PA . Coal tar is a by-product of coal gasification. It 
is practically immiscible in and slightly denser than water. 
Initially introduced through an injection well, the coal tar settled 
in a stratigraphic depression as a separate fluid phase below the 
water table of an unconfined aquifer. 
Recovery rates were hampered by the low transmissivity of the 
more viscous coal tar. As the ceial tar was pumped, a sharp 
depression in. the interface formed around the recovery well. Unless 
pumping was periodically stopped and the interface allowed to 
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rebound, water was drawn into the recovery well. 
The main objective of this study was to better understand the 
complicated flow patterns of two immiscible fluids "In a porous 
medium. The study employed the use of physical models which allowed 
visualization of the flow field. 
The model tests had three objectives: (1) investigate the 
response of the interface to pumping of the less dense fluid, (2) 
demonstrate the use of deliberate upconing as a means of improving 
recovery of the denser fluid, and (3) compare the recovery 
efficiency of alternative pumping schemes. 
2. TWO-FLUID FLOW IN POROUS MATERIALS 
2.1 Introduction 
The following section reviews some basic concepts on the flow 
of immiscible fluids in a porous medium . It is summarized from 
Chapter Nine, "Flow of Immiscible Fluids" of Bear (1972). 
Two-fluid flow can occur as one of two basic types, miscible or 
immiscible. Miscible fluids are completely soluble in each other. 
No interfacial tension exists between the two fluids. In a porous 
medium, hydrodynamic dispersion prevents the existence of a distinct 
fluid-fluid interface. Instead, a transition zone of finite width 
separates the two fluids. The fluid composition across the 
transition zone varies from that of one fluid to that of the other. 
A distinct fluid-fluid interface separates two immiscible 
fluids within each pore space of the medium. The interfacial tension 
between the two fluids is nonzero and a pressure difference due to 
capillarity exists across the interface. 
C.    \ 
2.2 Interfacial Tension and Capillary Pressure 
2.2,1 Interfacial Tension 
When two immiscible fluids are in contact, a free energy exists 
between them. This interfacial energy is caused by a difference 
between, the--inward attraction of molecules in the interior of each 
fluid and those at the contact surface. 
The degree of interfacial tension between the fluids leads to 
the concept of wettability. The contact (or wetting) angle (9), is 
the angle formed by the denser fluid (by convention) with a solid 
surface in the presence of a second fluid (Fig. 1). When 9 <90 , 
the denser fluid is said to wet the solid and is designated as the 
wetting fluid. When 8 >90 , the denser fluid is the non-wetting 
fluid. It is possi'ble for either fluid to be the wetting, or non- 
wetting fluid depending on the chemical composition of the fluids 
and the solid. Wettability is therefore only a relative measure of 
which fluid will preferentially wet the solid. 
The interfacial tension and wetting angle can vary depending on 
whether the interface is advancing or receding (Fig. 2). This 
phenomenon is called hysteresis and is further discussed in Section 
(2.2.2). 
Three possible saturation conditions can exist between two 
immiscible fluids in a porous medium. To exemplify these conditions, 
the simultaneous flow of water (wetting fluid) and oil (non-wetting 
fluid) through sand is considered. 
Figure 3a shows an initially water wet sand which has been 
saturated by oil. At a low water saturation, the water forms rings 
called pendular rings around the contact points of the sand grains. 
The rings are not connected except by a thin film of water of 
molecular thickness around the surface of the sand grains. Almost no 
pressure is transmitted between the unconnected rings. As the water 
saturation increases, the pendular rings expand and become 
interconnected to form a continuous wetting fluid phase (Fig. 3b). 
This condition is called the equilibrium saturation of the wetting 
phase. Saturation of the wetting fluid beyond this point is called 
funicular saturation and flow of the wetting fluid is possible (Fig. 
3c). 
When funicular saturation occurs, the non-wetting fluid is no 
longer a continuous phase and forms globules within the pore spaces. 
For these globules to move, the pressure difference across the 
wetting phase must be great enough to force them through the pore 
throat restrictions. 
/ 
2.2.2 Capillary Pressure 
The capillary pressure  (Pc)  is defined as the pressure 
difference across the interface 
P = P  -P (2.2.1) c   nw  w v     ' 
where Pnw is the pressure in the non-wetting phase and P is the 
pressure in the wetting phase. 
This pressure difference is caused by the tendency of the 
porous medium to draw in the wetting fluid and repel the non-wetting 
fluid. The magnitude of P is dependent on the size and geometry of 
the pore spaces, the wetting angle, and the degree of saturation. 
For an ideal porous medium, Showater (1979) suggests that the 
capillary pressure can be related to the interfacial tension (a ), 
and the wetting angle ( Q ), by the expression 
p =^jpQ (2.2.2) 
c    R 
where R is the radius of the largest pore throat. Thus, Pc is a 
measure of the amount of work required to move a globule of the non- 
wetting fluid into a pore occupied by the wetting fluid. The smaller 
the pore size or wetting angle and the greater the interfacial 
tension, the more difficult it is for the non-wetting fluid to 
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displace the wetting fluid. 
Capillary pressure is a function of the wetting angle and will 
also be affected by hysteresis. Because of the hysteresis 
phenomenon, the relationship between capillary pressure and the 
degree of saturation by the wetting fluid (S K-as not unique. It 
depends on the previous wetting history of the medium. 
Figure H shows a typical capillary pressure-wetting fluid 
saturation curve illustrating hysteresis. Point A on the curve 
represents the initial condition where the medium is completely 
saturated by the wetting fluid (Sw = 100?). The process by which a 
wetting .fluid displaces a non-wetting fluid is called drainage. 
Following the drainage curve in Figure H, a certain quantity of the 
wetting fluid remains in the medium even at very high capillary 
pressures. This point (denoted by S ) is called the irreducible 
saturation of the wetting fluid. The reverse process by which the 
non-wetting- fluid displaces the wetting fluid is called imbibition. 
Following the imbibition curve back to zero capillary pressure, some 
residual saturation of the of the non-wetting fluid remains. Thus, 
capillary pressure depends not only on the saturation at a certain 
instant, but also on whether the interface is advancing or receding. 
2.3 Flow of Two Immiscible Fluids 
2.3.1 Basic Assumptions 
In many instances, the transition zone between two immiscible 
or miscible fluids in a porous medium is small relative to the size 
of the region occupied by each fluid. Under such conditions, each 
fluid can be assumed to exist within a well defined region separated 
by an abrupt interface. This assumption is frequently made in 
salinity intrusion and oil recovery investigations. 
2.3.2 Governing Equations 
Each fluid is assumed to occupy a specific region denoted by R. 
and R~ where P?>P1 * If tne fluids are incompressible, the 
potential in each region can be expressed as 
*x = *1 (x,y,t) = z + P/YX in ^ (2.3.1) 
*2 = <f>2 (x.y.t) = z + P/Y2 in R2 (2.3.2) 
If the porous medium is homogeneous, isotropic, and 
nondeformable, the conservation of mass equation for each region 
becomes 
V-qa = 0; a = 1,2 (2.3.3) 
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where qa is the Darcy flux or specific discharge defined as 
qa = "KaV4,a = "(kYa/ya)V(z + P/Ya); a = X'2 (2.3.4) 
for each region. Combining Eqs. (2.3-3) and (2.3.H) requires the 
potential to satisfy Laplace's equation in each region 
V\ = °    ±n    Rl (2.3.5) 
V2<j>2 = 0    in- R2 (2.3.6) 
Equations (2.3.5) and (2.3.6) are the governing equations to be 
solved for the prescribed boundary conditions. 
2.3.3 Boundary Conditions 
In addition to the governing equation for each region, the 
potential must simultaneously satisfy the prescribed boundary 
conditions on the exterior of R1 and R2 as well as on the interface. 
Boundary conditions on the exterior of R- and R2 may be any of 
those encountered in the flow of a single fluid (Bear, 1972). Two 
sets of boundary conditions are required on the interface: (1) a 
material boundary condition, and (2) a dynamic boundary condition 
describing the location of the interface in terms of the potential. 
The interface is a material surface always composed of the same 
fluid particles whether stationary or moving. Therefore, the normal 
11 
velocity component at any point on the interface, in either region, 
equals„the velocity of the interface. For a homogeneous, isotropic 
porous medium, the interface surface can be expressed by an equation 
of the general form 
F(x,y,.z,t) = 0 (2.3.7) 
Movement of the interface is expressed by 
|Z = || + (v-VF) = |£+ (q-VF)/n = 0 (2.3.8) 
where dF/dt  is the substantial derivative and n is the effective 
porosity. Applying Eq. (2.3.8) to each of the two fluids results in 
|£ + (qi-7F)/n = 0 (2.3.9) 
SF j£ +  (q2-VF)/n = 0 (2.3.10) 
If the elevation of a point on the interface is defined as 
n (x,y,t) , then at any point, on the interface, z = n (x,y,t) and 
Eq. (2.3-8) becomes 
F(x,y,z,t) = z-n (x.y.t) = 0 (2.3.11) 
Substituting Eq.  (2.3.11) into Eqs.  (2.3.9) and (2.3-10) s 
results in 
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"
n!t " VVV (z"^ = ° (2.3.12) 
-n— - V$2-v (z-n) = 0 (2.3.13) 
where * =K <J> and <!> =K„<f> • Because of the nonlinearity of these 
boundary conditions, a direct analytical solution is not possible 
with the exception of a few specific problems. 
The location of the interface expressed in terms of the 
potential can be written 
n = (Y2/AY) <t>2 - (Y-^AY) ^ - PC'MY (2.3.14) 
where AY=Y?-YI>0 and p /Ay is the capillary pressure term. For 
Pc = 0, Eq. -(2.3.14) reduces to the form for miscible fluids. 
2.3.4 Simplified Cases of Interfacial Boundary Conditions 
Consider a small segment of an abrupt stationary interface in a 
vertical xz-plane (Figs. 5 & 6). Since each fluid is confined to its 
own region, the interface may be treated as an impervious boundary 
when considering flow components tangent to it. Using Darcy's Law, 
The tangential flow in the s direction adjacent to a portion of the 
interface is given by 
13 
o 
a a -k ,3P .    3z.           , „      .. „ „„. 
q  =   T— = — (v- + Y -r-)       a = 1,2      (2.3.15) as   u 3s y  3s   a 3s                   • 
a a 
If the capillary pressure is neglected at the interface, the 
3P 
pressure is continuous across the interface. Solving for  -jrr   in 
Eqs. (2.3.14) and (2.3.15) and setting them equal 
ff = sine = (ql8M1-q28M2)/k(Y2-Y1) .        (2'3-16) 
where 6 is the angle formed between the interface and the x-axis. 
The response of the interface to various flow conditions is 
summarized by Bear (1972).: 
- Cased)- V'hen no flow occurs in the region below the 
interface, q2s = 0, Eq. (2.3-16) becomes 
3z 
— = sina = qlslJ1/k(Y2-Y1) (2.3.17) 
= ^li  /2"Y1    _3z =     '      dz qls       u       K  y       '   3s       Kl     3s (2.3.18) 
j 
where K'=K]_(Y2-Y]_)/YI . This means that as q«g 
increases, also increases and the interface rises in 
the direction of flow. 
- Case(2)- When q1s = q2s = Qs» EQ« (2.3.16) becomes 
sine = <ls(vl-V2)/Hv2-y1) (2,3.19) 
now, if u^=U2 or q = 0, sin B = 0 and the interface is 
horizontal. 
^n 
Case (3)- When no flow occurs in the region above the 
interface, q1g = 0, Eq. (2.3.16) becomes 
sing = -q2sM2/k(Y2~Yl) (2.3.20) 
and the interface will tilt downward in the direction of 
flow. 
2.3.5 Solution Techniques 
A number of approximate solution techniques to the problem of a 
moving interface have been proposed by various investigators. Bear 
(1972) presents the pertubation solution for salt water/fresh water 
interface upconing below a pumping well. Numerical solutions have 
been obtained using the finite element method (Sylvestre, 1974), and 
the boundary integral equation method (Liggett and Liu, 1983). 
2.4 Upconing Phenomenon 
2.4.1 Definition 
When fresh water is withdrawn from an aquifer that contains an 
underlying layer of salt water, a local rise in the interface 
occurs. This phenomenon is known as upconing. Although upconing is 
most frequently associated with a salt water/fresh v/ater interface, 
the concept applies to any two fluids whose density difference 
causes them to flow as separate phases. For example, in oil 
reservoirs, the same phenomenon is observed when oil is withdrawn 
from a well above an oil-water interface. 
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Figure 7 illustrates the upconing phenomenon for saline water 
and fresh water where ps>Pf • The interface is initially 
horizontal. As pumping of the fresh water begins, the interface 
rises toward the well. Up to some critical rise, a new interface 
equilibrium may be reached. This critical rise has been estimated to 
be between 0.3 and 0.6 of the initial distance between the interface 
and the bottom of the well. Above the critical rise, the interface 
becomes unstable and rises very sharply to the well in a cusp-like 
form. Once pumping is stopped, the covne of saline water will decay 
back to its initial position. 
2.4.2 Ghyben-Herzberg Approximation 
The Ghyben-Jlerzberg relationship was originally derived to 
define the location of the salt water wedge along coastal aquifers. 
It is based on a simple hydrostatic pressure balance between two 
fluids of different densities.. 
For steady, horizontal flow of the less dense fluid (fluid 1) 
and no lateral movement of the denser fluid (fluid 2),^ the Ghyben- 
Herzberg relationship can be used to predict the steady-state 
upconing below a pumping well 
n =-Rs (2.4.1) 
wh ere R = P-,/(p -p ) and s, is the drawdown from the equilibrium 
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position in fluid 1. it assumes that fluid 2 is of infinite depth 
and horizontal extent. 
Equation (2.4.1) is based on the assumption that the pressure 
on both sides of the interface is equal. While this is a valid 
assumption for miscible fluids, it is not the case for immiscible 
fluids where a capillary pressure difference exists across the 
interface. 
2.4.3 Approximation of Dagan and Bear 
Dagan and Bear (1968) present the following expression for the 
location of an interface as a function of time and distance from the 
pumping well 
n (r,t) = -2_ 
2TT(AY/Y)K d (1+R'2)1/2 [(I+.'VR'
2]1/2 
(2.4.2) 
where   R'   and    T1   are,    respectively,    the   diniensionless   distance   and 
time parameters given  by 
,,  _  r/>\l/2 R'   = d    K (2.4.3) 
where 
(Ay/Y)K2t 
2dn (2.4.4) 
17 VA 
n = the rise of the interface above its initial 
position 
Q = the pumping rate of the well 
Ay/y = the dimensioniess density difference 
between the two fluids 
d = the distance between the well bottom 
and the interface at t = 0 
r = the radial distance from the well 
n = the effective porosity of the aquifer 
K & Kx = the vertical and horizontal hydraulic 
conductivity 
t = the time elapsed since pumping began 
For r = 0 (ie. just below the pumping well), Eq. (2.4.2) 
reduces to 
"
(t)
r=0 = 2,(AY/Y)Kxd  (1" TTVT) (2'4-5) 
Substituting T' from Eq. (2.4.4) into Eq. (2.4.5) results in 
n   K     (AY/Y)K n 
4?rd n   x 
or 
n/t = aQ - Bn (2.4.7) 
where a  and  3  are constants determined by the geometry and 
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physical properties of the aquifer, and the fluids. 
. Equation (2.4.7) is a linear relationship between the rate of 
upconing of the interface ( n /t\ and the upconing ( n ). For t -* °° , 
Eq» (2.4.5) becomes 
" 
(r
-°
:
 <*-> -^dixvTTTr <2-<-8> 
\ ite   ui where n is the steady-sta pconing of the interface directly 
proportional to the pumping rate (Q). The linear relationship 
between n and Q is limited to the critical rise point. This stems 
from the nonlinearity of the potential boundary conditions [Eqs. 
(2.3.12) and (2.3.13)]. 
2.4.4 Application to Improved Recovery 
In situations where it is desirable to recover a denser fluid 
from an unconfined aquifer, deliberate upconing can help to improve 
recovery. 
Typically, when the denser fluid ,is pumped alone, its saturated 
thickness in the vicinity of the well decreases forming a depression 
in the interface. Unless pumping is periodically discontinued to 
allow the interface to rebound, the less dense fluid from the 
overlying region will be drawn into the well. 
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If the less dense fluid is pumped from a separate well screened 
above the interface, a region of reduced pressure is created above 
the recovery well and the interface will upcone. By simultaneously 
pumping both fluids, the denser fluid is drawn toward the recovery 
well at an increased rate. Improved recovery relies on the fact that 
pumping of the denser fluid can continue longer as a result of the 
artificially maintained interface. 
20 
3. METHOD OF INVESTIGATION 
3.1 Overview 
A physical (sand tank) model is a reduced scale representation 
of an aquifer. Boundary and initial conditions of a natural aquifer 
are simulated by inlets and outlets in the model connected to fixed 
level .reservoirs or pumps. The parameters of the porous medium or 
fluid(s) can be modified to simulate properties in the prototype or 
to create a suitable time scale. ^ 
The models can be constructed in a variety of shapes. Columns, 
rectangular boxes, and sectors are the most common. The construction 
materials should be stable and chemically inert with respect to the 
fluid(s). Typically, the models are constructed with a transparent 
material to allow visualization of the fluid(s) at the wall. 
This study employed the use of both, a two-dimensional 
(rectangular box) and axisymmetric (sector) model. The main purpose 
of the two-dimensional model was to serve as a precursor to the 
larger and more representative axisymmetric model. It was 
advantageous to test filling and operating procedures on a small 
scale first. 
The models were not intended to simulate the conditions of any 
particular aquifer. They were set up to simulate the simultaneous 
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flow of water and a denser fluid in an unconfined aquifer. 
3.2 Physical Models 
3.2.1 Two-Dimensional Model 
Figure 8 shows a pictorial sketch of the two-dimensional (2-D) 
model.  It measures 1.2 meters in length, 1.0 meters in height and 
6.3 centimeters in width. It was constructed from half inch 
plexiglas to minimize deflection in the walls and provide 
visibility. 
The concept of symmetry was used to maximize the limited scale 
and minimize boundary effects. The v/ater was pumped from a 
partially penetrating well situated at the end of the model, rather 
than the center. From there, it was returned to a recharge box at 
the opposite end of the model. Thus, the model was effectively 
simulating half of a full 2-D model. An additional well was 
screened at the bottom of the model, directly below the water well, 
for the withdrawal of the denser fluid. Both wells were designed to 
act as a point sink withdrawing the fluid uniformly across the width 
of the model. > 
The water was pumped using a centrifugal pump. The flowrate was 
controlled by a gate valve in the exiting line. The denser fluid was 
withdrawn using a vacuum pump and was discharged directly into a 
22 
calibrated container. The suction pressure was kept contant while 
the flowrate was controlled by a valve in the discharge line. 
Water levels at the phreatic surface were monitored using 
piezometer tubes. A series of tubes were placed al'bng the wall 
between the water well and the recharge box. Error due to 
capillarity in the piezometer tubes was estimated to be less than 2 
mm. As a provision for recharging the denser fluid, a glass tube 
extending to the bottom of the model was placed adjacent to' the 
recharge box. 
3.2.2 Axisymmetric Model 
Pictorial and dimensional sketches of the axisymmetric model 
are shown in Figs. 9 and 10 respectively. The model was constructed 
with half-inch plexiglas and was externally supported by a v/ood 
frame. The wedge shape is representative of a 15 sector, (1/2*0 of 
a circular area with a radius d'f 3.6 meters. It has a height of 1.2 
meters and an approximate volume of 1.7 cubic meters. V/hen full, 
the model contains over 750 liters of water and more than 2700 kgs 
of sand and gravel. The tremendous stresses induced by an equivalent 
water head of over 2.5 meters made sealing the model the most 
potentially troublesome detail. The problem was resolved by 
utilizing a one piece 6 mil polyethelene liner. 
While  in  operation,  water  was  pumped  from  a  partially 
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penetrating well screened at the narrow end of the model and 
returned to a series of 15 cm dia. slotted PVC Dipes at the wide 
end. These pipes provided a constant head recharge boundary. 
A separate well was screened at the bottom of the narrow end of 
the model to simulate the withdrawal of the denser fluid. As with 
the 2-D model, the intakes were designed to act as a point sink 
withdrawing the fluid uniformly across the width of the model. 
The arrangements for pumping the fluids, measuring water 
levels, and recharging the denser fluid were all basically the same 
as for the 2-D model. The axisymmetric model included one major 
difference. To reduce the volume of denser fluid required, a sloping 
sand bottom was installed beneath the liner (Fig. 10). 
3.3 Model Parameters 
3.3.1 Porous Medium 
The medium used in the models was a fine-size gravel screened 
between 3.2 and 1.6 mm. It was obtained from a quarry in Tuckahoe, 
NJ. It was chosen based on its uniform size distribution and 
cleanness which ensured the ability to pack it with some consistency 
during the testing. It was also chosen based on its hydraulic 
conductivity which provided a reasonable time scale for the testing. 
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The gravel was placed in the models by a combination of 
vibrating and tamping techniques. When compacted, it has an 
estimated porosity (n) of 0.25 and a hydraulic conductivity (K) of 
4.0-4.5 cm/sec. Estimates of hydraulic conductivity were based upon 
a series of tests in the 2-D model simulating unconfined flow 
between two reservoirs. For a known cross-sectional area and 
flowrate, the hydraulic conductivity (K) can be computed from the 
following equation 
2 
'2 
~2l — (3.3.1) 
   2 K (h2 - hp 
where 
q = the flowrate per unit width 
K = the hydraulic conductivity 
h- = the head in reservoir (1) 
h- = the head in reservoir (2) 
L = the distance between reservoirs 
Similar estimates were obtained in the axisymmetric model where 
the hydraulic conductivity was computed based on the simple radial 
flow equation for an unconfined aquifer 
7TK(h 2 - h 2) 
Q = -~,     ,     s (3.3.2) 5n(r2/r;L) 
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where 
Q = the flowrate 
K = the hydraulic conductivity 
r.| & r2 = the radial distance from the well 
h., = the head at r, 
. ' ft 1 
h_ = the head at r- 
The hydraulic conductivity is dependent on the packing of the 
gravel and tests indicated that it varied by 15$ between a loosely 
packed and tightly packed medium. During all of the testing, the 
gravel was consistently packed as tightly as possible. Tests also 
indicated that the hydraulic conductivity was affected by the 
entrainment of air bubbles. ' This effect was minimized by 
recirculating the water in the models. Additional precautions were 
taken to avoid picking up air in the pumps. 
3.3.2 Fluids 
In selecting a representative fluid for the model tests, it was 
desirable to avoid toxic or flammable fluids because of the special 
handling required. The fluid chosen was an ester compound known as 
dimethyl phthalate (DMP). It is a colorless, oily liquid with a 
slight aromatic odor common to ester compounds. Some specific 
properties of DMP and its organic structure are summarized in Table 
1. The most significant properties are its high density (1.19 g/cc) 
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and low solubility in water (0.43 g/100ml) which makes it heavier 
than and practically immiscible in water. 
In addition to exhibiting the desirable fluid properties for 
the model tests, DMP had no substantial safety restrictions. It is 
non-flammable (flash point = 146°C ), non-toxic, and not irritating 
to or absorbed through the skin. It is recommended that it be used 
with adequate ventilation. 
Dimethyl phthalate is used as a solvent and plasticizer for 
cellulose acetate and cellulose-acetate-butyrate compositions. It 
is also a major component of insect repellents. It did not attack 
the plexiglas or the polyethelene liner, however, some plastics are 
attacked and caution is urged before exposing equipment to it. 
Throughout the testing, the water was dyed to a dark color. 
This provided good contrast with the DMP at the interface and the 
additional benefit of a distinguishable drawdown level. 
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3.M Test Program 
3.4.1 Definitions 
For the purpose of general dicussion, the water will at times 
be referred to as fluid 1 and the dimethyl phthalate as fluid 2. 
The well screened in the fluid 1 region is referred to as the 
pumping well, the one in the fluid 2 region, the recovery well. 
The following is a summary of the notation used in the 
presentation of the test results in Section 4: 
Q = pumping rate for water 
Q h = the pumping rate foij^dimethyl phthalate 
s = the drawdown in water surface 
n = height of interface above equilibrium 
position 
Re  = the ratio of experimental upconing 
to drawdown 
Rth = tne rat*0 °f theoretical upconing 
to drawdown 
d = the initial distance between the interface 
and the bottom of the pumping well 
%d  = the rise of the interface in terms of d 
a = the initial saturated thickness of 
fluid 1 
b = the initial saturated thickness of 
fluid 2 
tj. = the time to failure of recovery 
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Vr = the volume of fluid 2 recovered 
3.M.2 Descriptions 
This section provides a brief description of each of the test 
series conducted in the two-dimensional and axisymmetric models. 
Testing in the 2-D model was broken into two main series: 
Series 2D.1 This series consisted of four tests. The objective 
was to compare observed upconing values to 
theoretical predictions. Tests included upconing 
for four different drawdown levels. 
N 
Series 2D.2 This series consisted of nineteen tests. The 
objective was to demonstrate improved recovery using 
upconing. Tests included recovery at four different 
upconing levels for various recovery rates. 
Testing in the axisymmetric model was broken into three main 
series: 
Series AX.1 This series consisted of four tests. The objective 
was to compare observed upconing values to 
theoretical predictions. Tests included upconing 
for four different drawdown levels. 
Series AX.2 This series consisted of ten tests. The objective 
was to demonstrate improved recovery using upconing. 
Tests include recovery at three different upconing 
levels for various recovery rates. 
Series AX.3 This series consisted of six extended tests. The 
objective was to determine the optimum recovery 
scheme. Tests included two cyclic recovery schemes 
with and without upconing. 
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4. MODEL TEST RESULTS 
4.1 Overview 
This section summarizes the results of more than 150 hours of 
testing in the two-dimensional and axisymmetric models. Testing 
began with a number of preliminary tests in the 2-D model. These 
tests were needed to determine the optimum parameter conditions.it 
was desired that the two-fluid system achieve a steady state 
condition within the physical size limitations of the model and 
within a reasonable time frame. In addition they provided an 
opportunity to test the performance of the pumping and recharge 
systems for the two fluids. 
All of the data presented here has been adjusted to represent a 
complete model. By symmetry the 2-D model only represented half of 
a complete model.Therefore, the actual flowrate and volumetric data 
have been multiplied by a factor of two. Similarly, because the 
axisymmetic model represented one of twenty-four identical sectors 
in a complete model, the actual flowrate and volumetric data were 
multiplied by a factor of twenty-four. 
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4.2 Two-Dimensional Results 
The results from the 2-D model are best interpreted as 
qualitatively, but not quantitatively significant. They 
unmistakably support the objectives of the tests; however, the small 
scale of the model and subsequent boundary effects make it difficult 
to interpret the results quantitatively. For example, although some 
of the tests demonstrate improved recovery with upconing, exactly 
how much improvement was difficult to determine as many of the tests 
were significantly affected by the boundary conditions of the model. 
4.2.1 Upconing Series 
The objective of the upconing series was to establish the 
experimental ratio of the DMP upconing to the water drawdown. 
Theoretical calculations based on the Ghyben-Herzberg relationship 
[Section (2.4.2)] predicted that the DMP interface below the pumping 
well could rise as much as 5.3 units for every unit of drawdown. 
The results of upconing tests are presented in Table 2. Each 
of the test involved a different drawdown. Figure 11 illustrates 
the linear relationship between the water pumping rate (Qw) and the 
drawdown (s). During each of the tests the rise in the DMP interface 
below the pumping well was consistently four times the drawdown 
level, or roughly 75? the theoretical ratio. It v/as anticipated that 
the experimental upconing would be less than the theoretical 
prediction because the Ghyben-Herzberg relationship does not account 
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for capillary pressure. 
The response of the crest of the interface with time, is 
summarized in Table 3 and illustrated in Figure 12. In this figure, 
the crest height ( n ) is plotted against time for each of the 
upconing tests. The interface responds very quickly at first and 
then gradually begins to slow as the steady-state condition is 
approached. In each of the tests, approximately 75$ of the final 
crest height was achieved within the first thirty minutes of the 
test. Also, the time to achieve steady-state becomes progressivley 
longer as the level of upconing increases. 
Schematic diagrams illustrating the response of the entire 
interface for each of the tests are presented in Plates 2 through 5. 
These diagrams are preceded by a definition sketch identifying the 
model parameters (Plate 1). Note that in the case of 2-D model, the 
crest height ( n ) is measured not in terms of the rise above the 
initial interface, but as the total change in the interface 
elevation. This stems from the limited size of the DMP reservoir and 
the very close boundaries. 
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4.2.2 Improved Recovery Series 
In this series of test, the objective was to demonstrate 
improved recovery using upconing. During each of the test, the time 
to failure as well as the total volume recovered during that time 
was recorded. Time to failure was defined as the time from the 
initiation of recovery pumping to the time when the interface 
reached a predetermined point near the intake of the recovery well. 
The results of this series are summarized in Table 4. A series 
of performance curves were developed for each of the different 
upconing levels. These curves are shown in Fig. 13. These curves 
illustrate how the volume of DMP recoverd (V"r) increases for 
sucessive stages of upconing. In addition, they show how recovery 
improves as the DMP pumping rate decreases. These performance 
curves strongly illustrate the recovery benefits of upconing. 
However, as noted earlier, because of boundary effects the shapes of 
these curves are distorted. The limited volume of the DMP reservoir 
caused some tests to fail prematurely, as a result, the curves tend 
to flatten out and collapse together. This will become more evident 
when comparing to the performance curves of the axisymmetric model. 
Figure 14 shows a plot of volume recovered (Vp) versus time to 
failure (tf) for each of the performance curves. The slope of the 
curves at any point is equal to the recovery flowrate, as the curves 
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approach the steady-state flowrate they become a straight line. 
These curves are also distorted by boundary effects. 
•h 
Schematic diagrams illustrating the response of the entire DMP 
interface for several of the improved recovery tests are presented 
in Plates 6 through 13» These diagrams show how upconing increases 
the thickness of the DMP above the recovery well and allows pumping 
to continue longer before failure. 
4.3 Axisymmetric Results 
The results of the axisymmetric tests were very significant. 
The large scale and representative ■ geometry of the model 
substantially reduced the boundary effects. The increased volume of 
the DMP resevoir allowed prolonged recovery tests to determine the 
optimum recovery plan. 
4.3.1 Upconing Series 
The results of the upconing tests are presented in Table 5. 
Again, there was a linear relationship between the water pumping 
rate (Q ) and the drawdown (s) (Fig. 15). The maximun crest height 
versus time for each of the tests is summarized in Table 6 and shown 
in Fig. 16. The response was similar to that observed in the 2-D 
model. 
Plates 14 through 18 show the response of the entire DMP 
34 
interface with time. Only a small drop in the reservoir lev.el occurs 
as a result of the greater volume. 
4»,3.2 Improved Recovery Series 
The results of this series are presented in Table 7. Figure 17 
shows the performance curves developed for the axisymmetric model. 
Figure 18 shows the volume recovered versus.time to failure. Because 
of the increased resevoir size, it was possible to determine the 
steady-state recovery rate, that is the rate at which recovery 
continue indefinitely without failure. Thus, from Fig. 17, by 
pumping water to create 4 cm of drawdown, the DMP flows toward the 
recovery well at an increased rate and the steady-state recovery 
rate is nearly tripled over the recovery rate with no upconing. 
Plates 19 through 25 show the response of the entire DMP 
interface for several of the improved recovery tests. 
4.3-3 Cyclic Recovery Series 
The goal of the cyclic test series was to determine the optimum 
pumping scheme to recover the maximum volume of the DMP. Two 
different cyclic recovery schemes were tested and then compared to 
the steady-state recovery rate. 
h 
During the first three tests,  the interface was initially 
pumped to the failure level and then allowed to recover for fifteen 
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minute intervals between successive pumping periods. The results of 
the three <tests are presented in Tables 8, 9 and 10 and illustrated 
in Fig. 19. the three tests are described as follows: 
Ax-Cy-1        pumping DMP only 
Ax-Cy-2       pumping DMP and water simultaneously, no initial 
upconing. 
Ax-Cy-3       pumping  DMP  and  water  simultaneously,  initial 
upconing. 
Over an extended period, the steady-state pumping rate is the 
most efficient. However, cyclic recovery is more productive, in the 
short term. In either case, both of the tests with simultaneous 
pumping proved to be much more productive in terms of total volume 
recovered. 
In the second three tests, the DMP was initially pumped to 
failure and then required to wait between cycles until the interface 
completely recovered to a predetermined level. The results of these 
tests are summarized in Tables 11 through 13 and illustrated in Fig. 
20. ' 
The three tests are described as follows: 
Ax-Cy-il       pumping DMP only 
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Ax-Cy-5       pumping DMP and water simultaneously, no initial 
upconing 
Ax-Cy-6       pumping DMP and water simultaneously, with initial 
upconing 
These tests showed similar results to the previous three. 
However, in these tests the recovery rate drops off quicker because 
the time required between cycles gets progressively longer. 
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5. FIELD INVESTIGATION 
5.1 Introduction 
This study was initiated in view of the limited success of an 
actual recovery operation being conducted at a coal tar 
contamination site in Stroudsburg, PA during the fall of 1982. A 
recovery system had been installed prior to the initiation of this 
study. The concept of upconing to improve recovery was field tested 
at the Stroudsburg site but the recovery operation was terminated 
prior to the conclusive phases of this study. Even though the field 
test was conducted by making modifications the existing recovery 
system, recovery at the site was nearly tripled. 
At the completion of this study, it became apparent that the 
knowledge gained during this investigation could have significantly 
reduced the time and expense of the Stroudsburg recovery operation. 
It is hoped that the results of this investigation will be 
beneficial in any similar future recovery operations. 
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5.2 Background 
5.2.1 Origin Of Contamination 
During the late 19th and early 20th centuries, the production - 
of illuminating or blue gas was done by a process of coal 
gasification. In the process, bituminous coal was carbonized to 
yield a gas as well as a number of by-products. By 1920, it is 
estimated that there were more than 912 plants in the United States. 
After World V/ar II, the availability of natural gas increased, 
causing most of these plants to cease operation by 19^7. 
One of the by-products of the gasification process was coal 
tar. The uses for coal tar and its distillates are numerous. 
However, no effort was made in the United States to use coal tar 
until 1887 when tar distillation was established as a separate 
industry. It can therefore be assumed that until this time, the 
coal tar was largely disposed of at or near the gasification plants 
as a natter of convenience. 
5.2.2 Site Description 
One such coal gasification plant was located in Stroudsburg, PA 
along the west bank of Brodhead Creek just above the confluence with 
McMichael Creek (Fig. 21). It was operated from the mid-1800's 
until 1929. Based on coal consumption records and known rates of 
coal tar production, it was estimated that as much as 16 million 
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gallons of coal tar may have been produced over a 100 year period. 
During the early years of the gas plant, the waste was processed on 
site to remove the commercially valuable constituents and the 
residue was disposed of on site through an underground injection 
well. 
From a detailed hydrogeolocgical investigation conducted at the 
site in 1981, it was found that the coal tar had distributed over an 
eight acre area moving through a deposit of coarse glacial gravel. 
Underlying the gravel is a deposit of fine silty sand. Because of 
the wetting properties of the coal tar, it was unable to penetrate 
the sand under the existing driving head. Being denser than and 
practically immiscible in water, a large volume of the coal tar 
collected on top of the sand in a large stratigraphic depression as 
a separate liquid phase; The depression is located in the area of 
the original injection well behind the flood levee on the west side 
of Brodhead Creek (Fig. 21). 
In an effort to prevent the continued seepage of coal tar into 
the Brodhead Creek, the U.S. Environmental Protection Agency (EPA) 
authorized funds to construct a 700 foot long cement-bentonite (CB) 
slurry cutoff wall along a bench on the stream side of the western 
levee. 
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5.2.3 Aquifer Properties 
In an effort to quantify the hydraulic properties of the 
aquifer at Stroudsburg, several trips were made to the site to 
conduct field tests. Based on water level readings taken on a 
number of occasions, it was observed that only very small water 
table gradients existed in the vicinity of the depression. This was., 
not surprising considering the proximity of the stratigraphic 
depression to the flood levee and slurry wall which have 
significantly altered the natural flow patterns. The available data 
suggests that the levee and slurry wall may be acting as a partial 
barrier to the natural flow of the water towards Brodhead Creek. 
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In March, 1983 a pump test was conducted at the site to 
estimate the transmissivity and storativity of H?he aquifer. Based 
on two simple curve matching techniques, the transmissitity of the 
water was estimated to be (T = ^65 m /D) and the storativity (S = 
0.03). 
5.3 Coal Tar Properties 
The physical properties of the coal tar are summarized in Table 
15. The most significant property its density (p =1.017) which is 
greater than that of water allowing the coal tar to collect in the 
stratigraphical depression. The coal tar is also characterized by a 
viscosity about sixteen times greater than that of water at the 
field site. 
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By comparison the coal tar has very similar properties to those 
of the dimethyl phthalate. Each is an immiscible fluid with a 
density greater than that of water and each has roughly the same 
viscosity. 
5.4 Recovery Operation 
5.4.1 Design of recovery system 
To recover the coal tar, four gravel packed well clusters were 
installed in the stratigraphic depression behind the levee. Each 
well cluster included four six-inch recovery wells, screened" in the 
coal tar layer, surrounding a single four-inch monitoring well 
screened over its entire length. The recovery operation was 
initiated in the central well cluster which was screened at the 
deepest part of the depression. 
if 
The recovery pump was controlled by two conductance sensors in 
the monitoring well.  The lower sensor turned the pump off when the 
saturated thickness of coal tar had been drawn down to a preset 
level.   This prevented water from being drawn into the recovery 
we'll.  The upper sensor turned the pump on when the saturated coal 
tar level recovered. 
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5.4.2 Problem of Declining Recovery 
Initially, the coal tar was being recovered cyclicly at a 
recovery/rate of 2000 cc/min. Under these conditions, approximately 
380 liters per day of nearly pure coal tar was being recovered. 
However, this rate continued to decrease over time as the volume of 
coal tar in the immediate vicinity of the recovery well was 
depleted. As a result, the time intervals between pumping cycles 
became increasingly longer. The very same phenomenon was 
demonstrated with the cyclic model tests in the axisymmetric model. 
5.4.3 Improved Recovery With Upconing 
To improve the coal tar recovery rate, a simple, modification 
v/as made to the existing recovery system. "A packer was installed in 
the central monitoring well at a depth between the static coal tar 
level and the static ground water level (Fig. 22). This isolated 
several feet of the uppermost portion of the water table. A better 
design would have been to locate a number of partially penetrating 
water pumping wells several feet from the central recovery well. 
By pumping water from this uppermost portion of the water 
table, a drawdown cone was developed creating a zone of reduced 
pressure over the vicinity of the recovery well. The density 
difference between the coal tar and the water caused the coal tar to 
respond by upconing -as described in Section (2.4.1). The net effect 
was an increase in the saturated thickness of the coal tar layer in 
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the vicinity of the recovery Veil. 
As demonstrated in the cyclic axisymmetric model tests, it is 
not necessary to allow the interface to upcone before pumping the 
denser fluid. By pumping the water and coal tar simultaneously, the 
flow of coal tar towards the recovery well was significantly 
increased and the coal tar level rebounded faster between pumping 
cycles. In the model tests as well as at the actual site, upconing 
resulted in improved recovery rates. 
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TABLES 
68 
PARAMETER VALUE UNITS 
DENSITY   (20° C) 1.194 
ABSOLUTE   VISCOSITY   (25° C) 17.2 
SOLUBILITY   IN   WATER 
FLASH POINT 
0.43 
146 
g/cc 
centipoise 
g/100 ml 
°C 
C00CH3 
C00CH3 
Table 1  Properties of Dimethyl Phthalate 
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4 
Tttt No. 
CC/MC 
1 
cm 
n 
cm 
R«xp Rth %d 
2D-A-1 28.0 1.5 6.0 4.0 5.3 75% 9% 
2D-A-2 52.0 3.0 12.0 4.0 5.3 75% 17% 
2D-A-3 80.0 4.5 18.0 4.0 5.3 75% 26% 
2D-A-4 100.0 6.0 24.0 4.0 5.3 75% 34% 
Table  2     Summary of  Upconing Tests,   (Series   2D.1) 
O 
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t 
min 
a cm 
2D-A-1 2D-A-1 2D-A-3 2D-A-4 
0 0 0 0 0 
5 - 4.0 5.5 7.0 
10 2.0 6.0 8.5 10.0 
15 - - 10.5 13.0 
20 3.0 8.0 12.0 15.5 
30 4.0 9.5 13.5 17.5 
60 6.0 11.0 17.0 22.0 
90 6.0 12.0 18.0 23.0 
120 6.0 12.0 18.0 23.5 
150 6.0 12.0 18.0 24.0. 
180 6.0 12.0 18.0 24.0 
Table   3    Upcoming of  Interface With 
Time   (Series  2D.1) 
71 
Test No. Qw 
CC/MC 
8 
cm cm 
Qpn 
cc/t.c 
%d 
mm cc 
2D-la 
2D-lb 
2D-lc 
2D-ld 
2D-2a 
2D-2b 
2D-2c 
2D-2d 
2D-3a 
2D-3b 
2D-3c 
2D-3d 
2D-4a 
2D-4b 
2D-4c 
2D-4d 
2D-5a 
2D-5b 
2D-5c 
0 
18.0 
52.0 
84.0 
0 
18.0 
52.0 
84.0 
0 
18.0 
52.0 
84.0 
0 
18.0 
52.0 
84.0 
0 
18.0 
52.0 
0 
1.0 
3.0 
5.0 
0 
1.0 
3.0 
5.0 
0 
1.0 
3.0 
5.0 
0 
1.0 
3.0 
5.0 
0 
1.0 
3.0 
0 
4.0 
12.0 
20.0 
0 
4.0 
12.0 
20.0 
0 
4.0 
12.0 
20.0 
0 
4.0 
12.0 
20.0 
0 
4.0 
12.0 
4.38 
4.32 
4.60 
4.60 
3.88 
3.92 
3.84 
3.86 
2.72 
2.68 
2.74 
2.76 
2.00 
2.00 
2.02 
1.98 
1.00 
1.00 
0.98 
5% 
15% 
25% 
5% 
15% 
25% 
5% 
15% 
25% 
5% 
15% 
25% 
5% 
15% 
:53 
1:25 
2:45 
4:35 
1:08 
1:41 
3:28 
5:40 
2:15 
3:17 
6:25 
10:31 
4:05 
6:30 
11:50 
17:10 
11:30 
19:50 
39:00 
2 32 
368 
764 
1210 
264 
396 
800 
1316 
368 
528 
1060 
1750 
488 
780 
1440 
2048 
684 
1196 
2300 
Table  4     Summary  of   Improved   Recovery 
Tests,   (Series   2D.2) 
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Tett No. Qw t a Rexp Rth RfXD^ /Rth 
%d 
cc/«ec cm cm 
Ax-A-l 600 1.0 4.0 4.0 5.3 75% 7% 
Ax-A-2 1200 2.0 8.0 4.0 5.3 75%     ■ 16% 
Ax-A-3 1800 3.0 12.0 4.0 5.3 75% 22% 
Ax-A-4 2520 4.0 16.0 4.0 5.3 75% 28% 
Table 5  Summary of Upconing Tests, (Series AX.l) 
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t 
min 
a cm 
Ax-A-1 Ax-A-2 Ax-A-3 Ax-A-4 
0 0 0 0 0 
5 2.5 2.5     • 4.0 5.5 
10 3.0 4.0 8.0 7.5 
15   • 3.5 4.5 8.5 8.5 
20 3.5 5.5 9.5 9.5 
30 4.0 6.5 10.0 11.0 
60 4.0 7.5 11.0 13.5 
90 4.0 8.0 11.5 14.5 
120 4.0 8.0 12.0 15.5 
150 4.0 8.0 12.0 16&0, 
180 4.0 8.0 12.0 16.0 
Table  6    Upconing of  Interface With 
Time   (Series  AX.l) 
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-> 
Test No. Ow S 
cm cm 
Qph 
cc/s.c 
%d tf 
min 
Vr 
cc 
Ax-la 0 0 0 218.4 _ 1:50 24,000 
Ax-lb 1200 2.0 4.0 241.9 16% 4:00 58,080 
Ax-2a 0 0 0 144.0 - 3:15 28,080 
Ax-2b 1200 2.0 8.0 142.5 16% 8:15 70,560 
Ax-2c 2544 4.0 16.0 144.0 22% 14:15 123,120 
Ax-3 a 0 0 0 82.8 - 7:40 38,520 
Ax-3b 1200 2.0 8.0 87.1 16% 16:00 83,520 
Ax-3 c 2544 4.0 16.0 91.9 22% 24:50 137,160 
Ax-4 a 0 0 0 53.3 - 13:30 43,200 
Ax-4b 1200 2.0 8.0 48.0 16% 55:00 157,680 
Table  7     Summary of  Improved  Recovery Tests, 
(Series  AX.2) 
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Test No.                             \   r   i Ax-Cy-1 
Cycle t, 
min 
t, 
min cc 
Qph 
cc/.tc 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1:50 
. 1:20 
1:15 
1:00 
1:00 
0:55 
0:55 
0:55 
1:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
26,760 
19,440 
18,000 
14,760 
14,400 
13,560 ■ 
13,200 
12,960 
14,160 
243.36 
243.12 
240.00 
246.00 
240.00 
246.48 
240.00 
235.44 
235.92 
Total 10:00 120:00 147,240 
Table 8  Cyclic Recovery Test (Series AX.3) 
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Test
  
N
°-                                             Ax-Cy-2 
Cycle 
.ti 
min 
t, 
min cc 
Qph 
cc/s.c 
1 
2 
3 
4 
■'    5            "' 
6 
7 
* 
5:00 
4:30 
4:30 
4:00 
3:30 
3:10 
3:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
43,200 
39,120 
39,840 
35,040 
30,720 
27,480 
25,920 
144.00 
144.96 
147.60 
145.92 
146.16 
144.72 
144.00 
Total 27:40 90:00 241,320 
Table 9  Cyclic Recovery Test (Series AX.3) 
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Test No. Ax-Cy -3 
Cycle t, t. Vr QPh 
min min cc cc/s.c 
i 10:00 15:00 83,040 138.48 
2 5:00 15:00 41,040 136.80 
3 4:30 15:00 36,720 - 136.08 
4 4:00 15:00 32,400 134.88 
•■      5 3:30 15:00 28,560 136.08 
6 3:15 15:00 26,400 135.36 
7 3:00 24,600 136.56 
> 
Total 33:25 90; 00 272,760 
Table 10  Cyclic Recovery Test (Series AX.3) 
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Test No. Ax-Cy-4 
Cycle t, 
min 
t, 
min cc 
QPh 
ee
'wc 
1 2:50 8:20 25,080 147.60 
2 1:50 11:00 15,720 142.80 
3 1:35 13:25 13,800 145.20   . 
4 1:40 15:20 13,920 139.20 
5 1:40 13:20 13,920 139-. 20 
6 1:25 16:35 12,360 145.44 
7 1:30    J 14:30 12,720 141.36 
8 1:20 14:40 11,640 145.44 
9 1:30 15:10 12,840 142.56 
10 1:10 -H 10,440 149.04 
Total 16:30 122:30 142,440 
Table 11 Cyclic Recovery Test (Series AX.3) 
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Test No. Ax-Cy-5 
Cycle 
1 
2 
3 
4 
5 
6 
7 
min 
5:25 
4:45 
4:20 
4:00 
4:00 
3:50 
3:50 
t, 
min cc 
44,880 
39,240 
35,520 
32,880 
33,000 
31,920 
31,920 
QPh 
cc/s>c 
138.00 
137.52 
136.56 
137.04 
137.52 
138.72 
138.72 
Total 30:10 100:40 249,360 
Table  12    Cyclic Recovery Test   (Series  AX.3) 
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Test No. Ax-Cy "6 
Cycle t, 
min 
t, 
min cc cc/,tc 
1 8:50 7:40 77,280 145.68 
2 3:35- 10:25 30,960 144.00 
3 3:15 12:45 28,080 144.00 
4 3:00 19:30 26,040 144.72 
5 3:00 23:00 26,400 146.64 
6 2:55 27:00 25,440 145.44 
7 2:55 31:00 25,440 145.44 
8 2:50 35:00 "    24,960 146.88 
9 2:55 25,680 146.64 
Total 33:15 166:20 290,280 
Table 13  Cyclic Recovery Test (Series AX. 3) 
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PARAMETER VALUE UNITS 
DENSITY   (15 °C) 1.017 g/fcc 
ABSOLUTE   VISCOSITY (15° C) 15.86 centipoise 
INTERFACIAL TENSION w/water 22.0 dynes/cm 
FLASH POINT 76 °C 
CONDUCTIVITY <0.l umhos 
WETTING- ANGLE (on quartz) 125 degrees 
Table  14    Properties  of  Coal  Tar 
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